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We extend the well known phenomenon of magnetoresistance (extra resistivity of materials in
transverse magnetic field) to a new and unexplored regime where in addition to a transverse mag-
netic field, a transverse AC field of resonant frequency is also applied. In a magnetic field, electron
spin levels are Zeeman split. In a resonant AC field, we uncover a new channel of momentum re-
laxation in which electrons in upper Zeeman level can deexcite to lower Zeeman level by generating
spin fluctuation excitation in the lattice (similar to what happens in Electron Spin Resonance (ESR)
spectroscopy). An additional resistivity due to this novel mechanism is predicted in which momen-
tum randomization of Zeeman split electrons happen via bosonic excitations (spin fluctuations). An
order of magnitude of this additional resistivity is calculated. The whole work is based upon an
extension of Einstein’s derivation of equilibrium Planckian formula to near equilibrium systems.
Introduction: The phenomenon of magnetoresistance is
well studied1. Magnetoresistance is an extra resistance
of materials in transverse magnetic field. We uncover
a hitherto neglected mechanism of resistivity and inves-
tigate, for the first time, another “extra” resistance in
some specific materials that will appear when alongwith
the transverse magnetic field, an AC field of resonant
frequency is applied (Fig.1). In the figure a sample is
placed in a uniform magnetic field which is directed in
Z-direction (say). A current is impressed through the
sample in the Y-direction. This is the standard set up
for magnetoresistance measurements. We introduce an-
other dimension to this experimental set-up (which seems
to bring far reaching results). We introduce a resonant
AC field along the X-direction (Fig.1). Thus, a current
is passed through the the sample which is placed in a
criss-crossed static magnetic field and an AC resonant
field of appropriate frequency. The frequency ω of the
AC field is chosen such that ~ω = µBHeff where Heff
is the effective field “seen” by the conduction electrons
in the sample. It is equal to the sum of the external field
(H) and any induced internal magnetic field (Hint) in the
sample. The condition ~ω = µBHeff says that the en-
ergy of the photon ~ω is resonant with Zeeman splitting
of conduction electron energy. This condition is the same
as applied in ESR spectroscopy.
In the following development we will show that this
kind of experimental arrangement leads to an “extra”
resistance of the sample, and it is related to the mi-
croscopic parameters of the material in a fundamental
way. Measurement of it can lead to the determination
of those parameters. The mechanism involved is novel
one and to the best of our knowledge, it has never been
discussed before. We also determine the order of magni-
tude of the proposed effect and find that it is well within
the current measurements capabilities. We dub this “ex-
tra” resistance as Magneto-electro-resistance (generaliz-
ing the concept of magnetoresistance). It is to be noted
that our proposed effect is fundamentally different from
Electrically Detected Magnetic Resonance (EDMR) phe-
nomenon. In EDMR, spin states of electrons in semicon-
ductors on donor impurities are flipped by on external
microwave source, and thereby enabling them to recom-
bine with conduction holes. This recombination remove
charge carriers from the conduction band hence increas-
ing its resistivity2–18. The field which we wish to open
is different one and a hybrid of magnetoresistance phe-
nomenon and NMR spectroscopy, and can lead to novel
electronic transport measurements.
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FIG. 1: Schematic diagram of the experimental set-up.
We now proceed to the formulation of the effect and
explanation of the mechanism. We have the following
physical picture:
• The sample is placed in a magnetic field of strength
H which is directed along Z-direction.
• In transverse direction, an AC field of frequency
“ω” is applied, such that there is an energy density
u(ω) of the field in the sample.
• Along X-direction, current I is made to flow by an
external field E.
The phenomenological formulation which we put for-
ward goes like this. Under the action of magnetic field
2conduction electrons turns into “Itinerant two-level sys-
tems” due to Zeeman splitting. And these Itinerant Two-
Level Systems (ITLS) drift when external electric field is
applied. If a given ITLS is in an upper excited state, it
can get rid off an energy δE = E2 − E1 by three pro-
cess: (1) by spontaneously giving off a radiation quan-
tum, or (2) by an excitation of a spin fluctuation in the
lattice, and (3) by stimulated emission. Similarly, excita-
tion from lower Zeeman level to upper Zeeman level can
happen as discussed below. We wish to sketch a calcu-
lation along the lines of Einstein’s derivation of Planck’s
formula.
FIG. 2: Schematic diagram of the interaction of an itinerant
two level system with field and lattice.
Case-I: Absorption (|E1〉 − |E2〉). The rate at which
electrons excite from lower Zeeman level |E1〉 to upper
Zeeman level |E2〉 is given by:
dn12
dt
= B12u(ω)n1 + α
1
τspin
n1. (1)
Here, n1 is the number of Zeeman split electrons per
unit volume which are in |E1〉 or ground state (Fig.2).
The first term on the R.H.S. of the above equation is the
standard Einstein term which says that excitation rate
is proportional both to the strength of radiation density
u(ω) and to the number of electrons in the lower level.
The proportionality constant is B12 (Einstein’s B coeffi-
cient). In the second term (which we phenomenologically
introduce), 1/τspin represents the collision rate with spin
fluctuation in the material22. α is the fraction of colli-
sions that leads to |E1〉 → |E2〉 while 1-α does not lead
to |E1〉 → |E2〉, in other words it measures the success
rate of upward transition.
Case-II: An electron in the upper Zeeman level can
de-excite by the following process: (1) spontaneous emis-
sion:
dn21
dt
= A21n2. (2)
Here, n2 is the number of Zeeman split electrons per
unit volume in upper |E2〉 state (n1 + n2 = 1). A21
is the Einstein coefficient of spontaneous emission. (2)
Stimulated emission and “spin fluctuation” generation
dn21
dt
= B21u(ω)n2 + γ
1
τspin
n2. (3)
Where, 0 < γ < 1 measures the success rate of the down-
ward transition due to spin fluctuation generation (a spin
fluctuation is a bosonic excitation with spin quantum
number one, like photon. An electron de-exciting from
upper level to lower level suffer a change of spin quantum
number by one unit, and the generated bosonic excita-
tion also has spin quantum number one. Thus the total
spin is conserved in the process, as it should). B21 is the
Einstein coefficient of induced (or stimulated) emission.
In equations (1) and (3), we introduce additional new
terms α 1τspinn1 and γ
1
τspin
n2 which takes care of transi-
tions induced by spin fluctuation absorption and genera-
tion, respectively. Rest of the terms are standard.
In a steady state situation: Absorption ≡ Emission:
B12u(ω)n1 +
α
τspin
n1 = A21n2 +B21u(ω)n2 +
γ
τspin
n2,
(4)
or,
B12u(ω) +
α
τspin
A21 +B21u(ω) +
γ
τspin
=
n2
n1
=
e−βE2
e−βE1
≃ e−βω~, (5)
where ~ω = E2 − E1 and β =
1
kBT
. kB is the Boltz-
mann constant. We assume that the system remains in
a near equilibrium state (a quantitative analysis of this
is presented below). On simplifying the above equation
we have
1
τspin
(αeβ~ω − γ) = A21 +B21u(ω)−B12u(ω)e
β~ω.
(6)
At equilibrium, one must have αeβ~ω = γ. Thus, R.H.S
of above equation is zero. Equation (6) leads to
u(ω) =
A21
B12eβω~ −B21
. (7)
On applying the standard boundary conditions into equa-
tion(7); where energy density u(ω) must tends to infinity
(u(ω) → ∞), when T → ∞; leads to B12 = B21 = B.
Thus
u(ω) =
A
B(eβω~ − 1)
, (8)
which is the Planck’s law and the ratio A/B is
computed19 by the Raleigh-Zean limit ω → 0.
The situation in which we are interested is a near equi-
librium situation. Near equilibrium: αeβ~ω / γ (this
condition is discussed in the last section), then from equa-
tion (6) we have
1
τspin
= Bu(ω)
(
eβ~ω − 1
γ − αeβ~ω
)
− A
(
1
γ − αeβ~ω
)
. (9)
This is an important result in which spin fluctuation scat-
tering rate is expressed in terms of phenomenon param-
eters α, γ, u(ω), A, and B.
3Electro-magneto Resistance using the Drude theory: To
calculate the extra resistance due to spin fluctuation gen-
eration and absorption we proceed with the simple Drude
theory of momentum relaxation. This is similar to the so-
lution of the Boltzmann equation under relaxation time
approximation20. The Drude theory is characterized by
a constant momentum relaxation rate 1/τ . If
−→
P is an
average momentum of an electron, then the equation of
motion under various relaxation processes is given by:
d
−→
P
dt
= −e
−→
E −
1
τothers
−→
P −
α
τspin
n1
−→
P −
γ
τspin
n2
−→
P .
(10)
Here 1τothers is the standard Drude relaxation rate due to
impurity scattering. We introduce two more relaxation
terms: − ατspinn1
−→
P and − γτspinn2
−→
P . The first term de-
notes momentum randomization of an electron when it
absorbs a spin fluctuation quantum (as explained below
equation (1)). The second term (latter term) denotes the
momentum randomization of a drifting electron when it
generates a spin fluctuation quantum and thereby de-
excites from the higher Zeeman level to the lower Zee-
man level. The momentum randomization happens as
the direction of these excitations is random (much like
what happens in the case of spontaneous emission, in
which an atom suffer random kicks due to spontaneously
emitted photons). As we are considering a near equilib-
rium situation we have n2n1 = e
−β~ω, where n1 =
eβ~ω
eβ~ω+1
,
n2 =
1
eβ~ω+1
, n1 + n2 = 1. The equation of motion
(equation (10)) takes the form:
d
−→
P
dt
= −e
−→
E −
−→
P
(
1
τothers
+
1
τspin
(
αeβ~ω + γ
eβ~ω + 1
))
(11)
In the Ohmic regime
−→
J = σ
−→
E = −en
−→
V, and
−→
P = m
−→
V.
Thus, the resistivity (ρ = 1/σ) is
ρ =
m
ne2
(
1
τother
+
1
τspin
(
αeβ~ω + γ
eβ~ω + 1
))
(12)
Here, the second term (the novel term) is additional re-
sistivity with
1
τadditional
=
(
γ + αeβ~ω
γ − αeβ~ω
)
×
(
Bu(ω) tanh
(
1
2
β~ω
)
−
A
eβ~ω + 1
)
(13)
where we used equation (9). Thus the additional resis-
tivity is given by
ρadditional =
m
ne2
1
τadditional
=
m
ne2
(
γ + αeβ~ω
γ − αeβ~ω
)
×
(
Bu(ω) tanh
(
1
2
β~ω
)
−
A
eβ~ω + 1
)
. (14)
This is the central result of the present investigation.
Thus there must be an “extra” resistivity solely coming
from the excitation and absorption of spin fluctuations
in the lattice whose quantum is equal to the separation
between the Zeeman levels of the drifting electron. The
importance of this new effect is that it can be externally
tuned by controlling the Zeeman splitting through exter-
nal magnetic field. Spontaneous rate in condensed mat-
ter systems is generally weak. So the result simplifies
to:
ρadditional =
m
ne2
Bu(ω)
(
γ + αeβ~ω
γ − αeβ~ω
)
tanh
(
1
2
β~ω
)
.
(15)
Typical values and the order of magnitude of the effect:
To roughly estimate of the order of magnitude of the ef-
fect we take values for a typical metallic sample which
is placed in a magnetic field of 1 Tesla (for example)
and at temperature of 100 K (µBH = ~ω). Let us take
Bu(ω) ≃ 1010 Hz (refer to footnote23). The spontaneous
transition rate of a Zeeman spit electron from upper level
to lower level in metals is of the order of MHz24. Thus,
we can safely neglect its contribution to additional scat-
tering rate. We assume that γα ≃ 1.01. The regime
corresponding to this ratio is investigated below. With
this ratio one is not far from equilibrium as shown be-
low. Having this input of the physical parameters, the
additional scattering rate (from equation (13)) turns out
to be: 1τadditional ≃ 10
10(Hz), where tanh(x) ∼ x for
small x. The extra resistivity due to this is given by
ρextra =
m
ne2 (1/τadd) ≃ 10
−9Ω. meters (we take n = 1026
per meter cube (typical electron number density in met-
als)).
If we have a sample of a size 4 mm× 4 mm× 4 mm,
then the extra resistance of it will be ∼ 1microΩ. This
should not be difficult to measure. If a current of 100mA
is made to flow in the sample, then change in the voltage
drop (due to change in the resistance ∆V = I∆R) will
be 100nano− volts, which again can be detected with a
sensitive nano-voltmeter.
The operational regime: We now investigate what is
meant by γ ' αeβ~ω (the near equilibrium condition)21.
We neglect the weaker spontaneous emission term. We
consider the two cases separately:
Case (1) External fields only:
dn1
dt
= n2B21u(ω)− n1B12u(ω). (16)
Here, let us set n = n1 − n2 and N = n1 + n2. Then, we
have
1
2
dn
dt
= −nBu(ω). (17)
After simplification, we get the relation;
n(t) = n(0)e−2Bu(ω)t. (18)
4Power absorbed by the sample from the field:
Pabsorbed = n1Bu(ω)~ω − n2Bu(ω)~ω = nBu(ω)~ω.
(19)
Case (2): Spin-fluctuation scattering only:
dn1
dt
= n2
(
γ
τs
)
− n1
(
α
τs
)
(20)
In the equilibrium state: dn1dt = 0, thus
n2
n1
=
α
γ
= e−β~ω, (21)
or, αeβ~ω = γ is the equilibrium condition.
From equation (20), we have
T1
dn
dt
= n0 − n, (22)
where, T1 =
τs
α+γ (as usually defined in the NMR spec-
troscopy) and n0 = N
γ−α
γ+α .
n(t) = n0(1− e
−t/T1). (23)
When both are acting together in a steady state situation
(
dn
dt
)
spin−fluc
+
(
dn
dt
)
field
= 0, (24)
thus
n(t) =
n0
1 + 2Bu(ω)T1
. (25)
There are two possible cases:
Case A: If 2Bu(ω)T1 ≪ 1 or T1 ≪
1
2Bu(ω) (
α+γ
τs
≫
2Bu(ω)). n(t) ≃ n0. This means Spin scattering is fast,
system stays in equilibrium.
Case B: If 2Bu(ω)T1 ≫ 1 or (
α+γ
τs
≪ 2Bu(ω)). This
means strong field and system stays away from equilib-
rium.
Power Absorbed:
Pab = nBu(ω)~ω =
n0~ωBu(ω)
1 + 2Bu(ω)T1
. (26)
The regime which we consider is the intermediate one
(figure (3)). In the example numerical case mentioned
above, the power absorbed is in micro-watts.
Conclusion The mechanism of spin wave generation
when a Zeeman split electron makes a downward transi-
tion from upper Zeeman level to lower Zeeman level leads
to random kicking of the conduction electron. This ran-
dom kicking is the source of momentum randomization
of the electron and leads to extra resistivity which we
uncover for the first time. Similarly, the absorption of
spin waves leads to random kicking and extra resistance.
We calculate an order of magnitude of this effect and we
find that it is well within the detectable limits.
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